ABSTRACT. A mark-recapture study of polar bears (Ursus maritimus) ashore during the ice-free period of Hudson Bay was undertaken in 1994 and 1995 to re-estimate the size of the western Hudson Bay population. Previous estimates were based on animals caught between the Churchill and Nelson Rivers; consequently, bears in the southern part of the geographic range of this population were not sampled. We used Jolly-Seber models to re-estimate population size from two data sets: bears handled between the Churchill and Nelson Rivers from 1984 to 1995 and bears handled between Churchill and the Manitoba-Ontario border from 1984 to 1995. The latter sample incorporated mark-recapture data collected along the eastern Manitoba coast by the Ontario Ministry of Natural Resources from 1984 to 1986 and by us in 1994 and 1995. Both data sets gave similar estimates. Thus, our best estimate of the size of the western Hudson Bay polar bear population is 1200 ± 250 animals in autumn 1995.
INTRODUCTION
Largely on the basis of mark and recapture data, the population of polar bears (Ursus maritimus) in western Hudson Bay ( Fig. 1 ) has been defined as being distributed between approximately the Manitoba-Ontario border to the south and Rankin Inlet to the north (Stirling et al., 1977; Prevett and Kolenosky, 1982; Derocher and Stirling, 1990; Kolenosky et al., 1992) . Derocher and Stirling (1995) estimated the mean population size for 1978 -92 at 1000 ± 51 animals on the basis of mark-recapture studies conducted between the Churchill and Nelson Rivers during the ice-free period. They relied on the assumption that all bears within the population were equally and randomly mixed. However, these data have also indicated that polar bears showed some degree of geographic fidelity to specific summering areas within the overall study area (Derocher and Stirling, 1990) . In addition, a limited survey in 1971 (Jonkel et al., 1972) and recent incidental reports have suggested that some maternity denning occurred east of the Nelson River in the vicinity of Cape Tatnam and thus was not accounted for in previous studies. As the markrecapture program had not covered the portion of the southern range east of the Nelson River, the population estimate of 1000 ± 51 animals was considered conservative. Consequently, the population was assumed to be 1200 animals for management purposes (Calvert et al., 1995; Wiig et al., 1995) .
Polar bears from this population are hunted by Inuit from three communities (Arviat, Whale Cove, and Rankin Inlet) along the Keewatin coast of the Northwest Territories, and a variable number of animals are taken annually in Manitoba as Nelson River and the Manitoba-Ontario border (Cape Tatnam study area) (e.g., Prevett and Kolenosky, 1982; Kolenosky et al., 1992) . Although the population boundary extends north of Churchill to Rankin Inlet, bears are largely absent from this area during the ice-free period (Derocher and Stirling, 1990) , which is probably a consequence of the pattern of sea ice break-up on Hudson Bay each summer.
Hudson Bay is normally completely covered by annual ice from December through April, with maximum coverage occurring by the end of April (Danielson, 1971; Markham, 1986; Prinsenberg, 1986b; Etkin, 1991) . The ice cover begins to decay towards the end of May as areas of open water form in southern James Bay and in northwestern Hudson Bay. During June and July, the ice decays rapidly; open water expands northward along the eastern coast of Hudson Bay and southward along the western coast (Danielson, 1971; Markham, 1986; Etkin, 1991) . As a consequence of this pattern of breakup and the counterclockwise flow of water in the bay (Prinsenberg, 1986a) , the remnant ice tends to become isolated in southwestern Hudson Bay off the Manitoba and Ontario coasts (Markham, 1986) . By early August, Hudson Bay is essentially ice-free. Ice starts to form in northern Hudson Bay in late October. During November, the ice cover spreads rapidly southward in the western portion of Hudson Bay. In most years, the entire bay is ice-covered by mid-December (Danielson, 1971; Markham, 1986; Prinsenberg, 1986b) .
METHODS

Timing of Field Work
Field work was conducted during the spring (late February to mid-March) and autumn (late August to mid-September) of 1994 and 1995 in both the Churchill and Cape Tatnam study areas.
Immobilization and Handling of Polar Bears
The capture effort was distributed as evenly as possible in the study areas. Polar bears were located from a Bell 206B Jetranger helicopter and immobilized with Telazol, using standard chemical immobilization techniques (Stirling et al., 1989) . Each animal had a unique identification number permanently tattooed on the inside of each upper lip and a numbered plastic tag placed in each ear.
The age of each bear handled was determined by one of two methods. If the bear was a cub-of-the-year or had previously been handled as a cub-of-the-year, then it was of known age. However, if the bear was of unknown age, then a single vestigial premolar was extracted. Age was subsequently estimated by histological sectioning and staining of these teeth and counting the total number of annuli within the cementum layer using methods described by Thomas and Bandy (1973) and modified by Stirling et al. (1977) . Each annulus was assumed to represent one year, and all bears were assumed to have been born on 1 January. part of the bear control program at Churchill. Current management allows for a total annual harvest of 55 polar bears which is based on the assumed population of 1200 animals and a sex ratio in the kill of 2 males to 1 female (Calvert et al., 1995; Derocher and Stirling, 1995) .
In 1994, we initiated a study to re-estimate the size of the polar bear population in western Hudson Bay. The first objective was to expand the mark-recapture program to sample animals between Churchill and the Manitoba-Ontario border; the second, to determine whether there is evidence of a significant number of females denning between the Nelson River and the Manitoba-Ontario border. Such evidence would indicate that the annual productivity of this population is higher than currently thought.
STUDY AREA
We studied polar bears in Manitoba in an area bounded by 56˚10'N to 58˚50'N and 89˚00'W to 94˚10' W (Fig. 1) . Although the bears north of the Nelson River (Churchill study area) have been well studied (e.g., Stirling et al., 1977; Ramsay and Stirling, 1988; Derocher and Stirling, 1992) , there has been much less research on polar bears between the From this age determination, each bear was placed into one of the following age classes: Cub-of-the-year: less than 1 year of age, accompanied by an adult female; yearling cub: between 1 and 2 years of age, accompanied by an adult female; lone yearling: single bear between 1 and 2 years of age; two-year-old cub: between 2 and 3 years of age, accompanied by an adult female; subadult: single bear between 2 and 4 years of age; adult: any bear 5 years of age or older.
Estimation of Population Size
The size of the western Hudson Bay population was estimated using the Jolly-Seber model of constant survival and variable capture probability (Seber, 1982; Derocher and Stirling, 1995) . The capture data were analyzed using the program JOLLY (Pollock et al., 1990) . Males and females were analyzed separately because of sex-specific segregation and sex-related differences in vulnerability to capture and harvest (Derocher and Stirling, 1990, 1995) . Cubs-of-theyear were excluded from the analyses, because their survival was dependent upon the survival of their mothers (Derocher and Stirling, 1995) . In the Jolly-Seber model used, survival was assumed to be constant over the period of study and was estimated from the mark-recapture analyses as part of the program JOLLY. Recruitment of cubs-of-the-year into the population was estimated by multiplying the female population size by the number of cubs per female that was calculated from the capture sample (Derocher and Stirling, 1995) .
Goodness-of-fit of the model to the data was assessed by a contingency table chi-square test (Pollock et al., 1990 ) that examined observed and expected capture histories. The test, which examines for heterogeneous capture probabilities, is part of the program JOLLY.
For comparative purposes, we estimated the size of the population from two data sets: all bears handled in the combined Churchill and Cape Tatnam study areas (i.e., between Churchill and the Manitoba-Ontario border), and a subset of bears that were handled only in the Churchill study area. We set the starting year for this analysis to 1984, the year that Kolenosky et al. (1992) initiated a three-year markrecapture study along the Ontario and eastern Manitoba coasts, because this was the first year in which sampling took place throughout the combined study area.
RESULTS AND DISCUSSION
Numbers of Polar Bears Handled
We handled 33 family groups in the spring of 1994 and 22 in 1995, as well as one solitary adult female in each year (Table 1) . Although one-third of our search effort (26/78.6 hours) and surveys up to 100 km inland were flown in the Cape Tatnam study area, we found no evidence there of a concentrated denning area. Only 15% (8/55) of all family groups encountered were found in this study area. Nevertheless, it is clear that denning does occur, albeit at low density, because we caught eight females accompanied by cubs-ofthe-year. These family groups were travelling towards the coast at the time of their capture. Although we tried to follow their tracks back inland, we were unable to locate any dens because wind and snow had erased all but the most recent footprints. In 1971, a partial survey inland from Cape Tatnam revealed that at least 16 females had produced cubs in this area (Jonkel et al., 1972) . In the Cape Tatnam study area, in the autumn of both 1994 and 1995, we found polar bears of all sex and age classes almost exclusively along the coast (108 of 115 bears seen), despite extensive searching of inland areas. This contrasted markedly to the distribution of bears handled in the Churchill study area, where adult males tended to remain along the coast but pregnant females and females accompanied by cubs moved up to 80 km inland during the ice-free period (Derocher and Stirling, 1990) . Although not known, differences in inland habitat may partially explain the observed onshore distribution of polar bears in the Churchill and Cape Tatnam study areas. In the Churchill study area, bears found inland were typically located at the edge of patches of lichen or in habitat that was raised and well drained, whereas those found along the coast tended to be on sandy or gravel ridges (Derocher and Stirling, 1990 ; this study). These locations suggest that polar bears avoid wet areas while ashore. The inland area of the Cape Tatnam study area is generally flat and wet and offered little in the way of habitat on which bears could keep relatively dry. The relative absence of bears in this area (7 of 115 bears seen) suggests that most may have remained along the coast.
Between 1984 and 1986, 457 polar bears were tagged from the adjacent southern Hudson Bay population that spends the ice-free period along the coast of Ontario and on the islands in Hudson and James Bays (Kolenosky et al., 1992) . During 1994 and 1995, we caught a combined total of 207 animals in the Churchill and Cape Tatnam study areas that had been alive during that previous study. Of those 207, 80% (165) had been previously tagged, but only 4% (6) of the tagged bears originated from the southern Hudson Bay population. The remaining 96% (159) were from the western Hudson Bay population. Only one of the six animals from the southern Hudson Bay population was caught north of the Nelson River. In addition, of 44 previously tagged bears that we caught in the Cape Tatnam study area (i.e., immediately adjacent to the southern Hudson Bay population) that had been alive during 1984 -86, 89% (39) and 11% (5) were from the western Hudson Bay and southern Hudson Bay populations, respectively. Thus, there was little evidence of exchange of animals between the two populations. Similar conclusions about the discreteness of these two populations have been reported previously (Stirling and Ramsay, 1986; Derocher and Stirling, 1990; Kolenosky et al., 1992) .
Population Estimate
Both data sets gave similar estimates for the size of the female (Table 2 ) and male (Table 3 ) populations in autumn 1995. For both data sets, the Jolly-Seber model indicated no significant departure of the observed capture histories from the expected capture histories for female bears (combined data set, χ 2 = 38.8, d.f. = 32, p > 0.15; Churchill data set, χ 2 = 38.9, d.f. = 30, p > 0.10). The survival rate of females was 0.880 ± 0.017 for the combined data set and 0.890 ± 0.018 for the Churchill data set. Both rates are in agreement with the survival estimate of 0.900 ± 0.012 reported by Derocher and Stirling (1995) for this population up to 1992.
Data for male polar bears did not fit the Jolly-Seber model as well as the female data (combined data set, χ 2 = 76.9, d.f. = 34, p < 0.001; Churchill data set, χ 2 = 76.1, d.f. = 33, p < 0.001). Derocher and Stirling (1995) , who also reported that the male data set was a poor fit, suggested several reasons why this might be so. First, it may be due to the introduction of an age-specific survival bias into the mark-recapture estimates, because the harvest of polar bears in western Hudson Bay is sex-biased towards males and centred on younger animals (Derocher, 1991; Derocher and Stirling, 1992) . Therefore, the assumption that every animal has the same probability of surviving from one capture period to the next may have been violated. Second, they noted that the estimate of population size and the fit of the Jolly-Seber model are affected by emigration (Pollock et al., 1990) . Although permanent emigration to neighbouring populations is thought to be uncommon (Derocher and Stirling, 1990 ), Derocher and Stirling (1995) were unable to assess the effect of temporary emigration. It undoubtedly occurs, but we were unable to quantify to what degree. The survival rate of males was 0.860 ± 0.016 and 0.859 ± 0.019 for the combined and Churchill data sets, respectively. Both rates were higher than the 0.839 ± 0.011 previously reported by Derocher and Stirling (1995) . Including recruitment of cubs (Table 4) , the estimate of total population size in autumn 1995 was 1199 ± 251 (95% confidence interval, 707 -1691) from the Churchill study area data set and 1233 ± 209 (823 -1643) from the combined Churchill and Cape Tatnam study area data sets. One explanation for the agreement between the estimates is that the entire population was well mixed while ashore during the summer, and therefore all bears had an equal-or at least similar-probability of capture. Alternatively, because the entire area was not sampled every year, the Jolly-Seber model may not have been able to estimate the population adequately over the larger study area (i.e., from Churchill to the Manitoba-Ontario border) in all years. Thus, estimation of model parameters may have been influenced primarily by the markrecapture effort in the Churchill study area, resulting in similar estimates (Fig. 2) .
To obtain a population estimate that was independent of a possible confounding influence from the 1987 -93 capture effort, we used a Lincoln-Petersen model (Seber, 1982) , applied to the mark-recapture data collected in the Churchill and Cape Tatnam study areas in 1994 and 1995. However, it is important to note that the Lincoln-Petersen model was designed for closed populations which assume that no birth or immigration, no death or emigration, and no loss of marks occurs between capture samples. In addition, such models assume that both marked and unmarked animals are equally vulnerable to capture, and that there is no differential survival of marked individuals. Thus, there are clear problems and limitations in applying a closed population model to markrecapture data from an open population. However, for the data we collected in 1994 and 1995, some of the assumptions of the Lincoln-Peterson model were met. First, cubs were not included in either sample, so effectively there were no births. Second, tagged bears that are harvested are routinely reported; thus, any tagged bear that died between capture samples (n = 5) was treated as being marked in the first capture sample but not released. Third, because all marked bears are given a unique tattoo on the inside of each upper lip, we were certain of the identity of all bears handled at the time of second capture (i.e., no marks were lost). Fourth, we are unaware of any evidence that suggests that marked and unmarked bears are not equally vulnerable to capture. Finally, permanent emigration to and permanent immigration from neighbouring populations appears to be uncommon (Derocher and Stirling, 1990) . Thus, only two assumptions of the closed population model may have been violated: temporary emigration/immigration (we cannot assess this, but it is likely to be negligible) and equal survivorship of all marks (juvenile bears have lower rates of survival than adult bears, Derocher and Stirling, 1995) . While recognizing the above limitations, the Lincoln-Peterson model estimated the size of the population to be 1249 ± 274 animals, which was similar to the Jolly-Seber estimates.
Although there was no clear trend in population estimate over time, it was interesting to note that the proportion of lone two-year-old polar bears in the capture samples tended to track fluctuations in the population estimate from the Churchill study area data, especially after 1986 (Fig. 2) . However, there was no significant correlation when the relationship was considered over the entire period (Pearson product-moment correlation, Churchill study area, r = 0.392, d.f. = 9, p = 0.233; Combined data, r = 0.127, d.f. = 9, p =0.710). Although juvenile survival is lower than that of adults (Derocher and Stirling, 1995) , the data on lone two-year-old bears suggest that high juvenile survivorship of particular cohorts may occur; which, in turn, leads to increased estimates of population size.
The high proportion of lone two-year-old bears in 1986, 1989, and 1995, relative to other years, suggests that cubs born in 1984, 1987 , and 1993 may be part of particularly strong cohorts, although detailed cohort analysis is beyond the scope of this paper. We do not know what factors may have contributed to higher juvenile survival in all strong cohort years, but the apparent increased survival of bears born in 1993 may have been influenced by the eruption of Mount Pinatubo in June 1991. This eruption released a large amount of particulate matter into the atmosphere, which resulted in significant climatic cooling over the Northern Hemisphere (McCormick et al., 1995) . In Hudson Bay, the break-up of sea ice was delayed by about three weeks in the summer of 1992 (Environment Canada, 1992a, b) , and a strong relationship between severe ice conditions in Hudson Bay and major volcanic eruptions has been documented (Catchpole and Hanuta, 1989) . Stirling and Derocher (1993) noted that bears came ashore three weeks later in 1992 than in 1991 and speculated that polar bears remain on the sea ice, hunting seals, for as long as possible. The bears that came ashore in 1992 were heavier and presumably in better condition, and natality increased in 1993 (Stirling and Lunn, 1997) . Although the temperature in 1993 was not as cold as in 1992, it was still cooler than normal (McCormick et al., 1995) ; the condition of adult females did not decline to pre-1992 levels, and natality remained high into 1994 (Stirling and Lunn, 1997) . Thus, the 1993 cohort was weaned during a period when their mothers were in better condition than females in other years and when bears had access to seals for a longer period of time, which probably increased survival of their cubs.
In summary, our best estimate of the size of the polar bear population in western Hudson Bay, in autumn 1995, was 1200 ± 250 animals. We found no evidence to suggest that many pregnant females denned in the area between the Nelson River and the Manitoba-Ontario border. Thus, there is no evidence that annual productivity of this population is significantly higher than currently thought.
